Objective-To determine the association of the genes that encode α-, β-, and γ-synuclein (SNCA, SNCB, and SNCG, respectively) with diffuse Lewy body disease (DLBD).
Results-Initial sequencing studies of the coding regions of each gene in 89 patients with DLBD did not detect any pathogenic substitutions. Nevertheless, genotyping of known polymorphic variability in sequence-conserved regions detected several single-nucleotide polymorphisms in the SNCA and SNCG genes that were significantly associated with disease (P=.05 to <.001). Significant association was also observed for 3 single-nucleotide polymorphisms located in SNCB when comparing DLBD cases and pathologically confirmed normal controls (P=.03-.01); however, this association was not significant for the clinical controls alone or the combined clinical and pathological controls (P>.05). After correction for multiple testing, only 1 singlenucleotide polymorphism in SNCG (rs3750823) remained significant in all of the analyses (P=. 05-.009).
Conclusion-These findings suggest that variants in all 3 members of the synuclein gene family, particularly SNCA and SNCG, affect the risk of developing DLBD and warrant further investigation in larger, pathologically defined data sets as well as clinically diagnosed Parkinson disease/dementia with Lewy bodies case-control series.
DEMENTIA WITH LEWY BODies (DLB) is the second most common form of dementia after Alzheimer disease in elderly white populations. 1 Clinical features of DLB include dementia, parkinsonism, visual hallucinations, and fluctuations in cognition. 2 Pathologically, DLB is associated with Lewy body and Lewy neuritic pathology in limbic cortices (transitional Lewy body disease) and in the neocortex 3 (diffuse Lewy body disease [DLBD]), often with concomitant amyloid pathology. 1 In pathologically confirmed cases of Parkinson disease (PD), Lewy pathology is primarily found in the brainstem (brainstem Lewy body disease) 4 and may be more widespread in PD dementia. In multiple-system atrophy, glial cytoplasmic inclusions in the basal ganglia are pathological hallmarks. 5 The major protein component of both Lewy body and glial cytoplasmic inclusions is α-synuclein, encoded by the SNCA gene (OMIM 163890). Polymorphic variability in the SNCA gene and rare missense and multiplication mutations have been unequivocally implicated in PD, PD dementia, and multiple-system atrophy. [6] [7] [8] [9] SNCA has 2 paralogous genes, β-synuclein (SNCB; OMIM 602569)) and γ-synuclein (SNCG; OMIM 602998), with which it shares a highly conserved N-terminal domain. 10 In transgenic mice, overexpression of human α-synuclein leads to the formation of neuronal aggregates reminiscent of Lewy bodies, 11 and wild-type β-synuclein has been suggested to protect against α-synuclein toxicity based on in vitro (inhibition of aggregation and fibril formation) 12 and in vivo (reduced aggregation and Lewy body formation) evidence. 13 Coding substitutions in SNCB (p.V70M and p.P123H) were detected in 2 unrelated patients with DLB, 1 of whom had a positive family history of DLB. 14 γ-Synuclein antibodies have identified axonal spheroid-like lesions in the hippocampal dentate molecular layer of patients with PD and DLB. 15 In addition, overexpression of γ-synuclein was recently shown to induce a neurodegenerative phenotype in mice. 16 Herein, we investigate the roles of SNCA, SNCB, and SNCG in DLBD by performing (1) a comprehensive sequencing of the 3 genes in pathologically defined DLBD cases and (2) a case-control association in an autopsy series of cases with DLBD compared with pathologically and clinically normal controls.
METHODS
Diagnosis of DLBD was established in accordance with published criteria. [17] [18] [19] Cases acquired prior to 1998 were evaluated with ubiquitin and tau double immunohistochemistry, 20 while for those acquired subsequently, immunohistochemistry for α-synuclein was used. 21 The institutional review board of each site approved the study, and brain autopsy material was collected with signed informed consent from each patient or next of kin. All cases and control subjects were from North America and of European descent. Control individuals were free of personal or familial history suggestive of parkinsonism or dementia, and the pathologically confirmed subset did not display any significant neuropathological abnormality.
Genomic DNA was extracted from frozen cerebellar tissue or venous blood using standard protocols. A subset of 89 patients with DLBD (mean [SD] age, 77.3[6.7] years; male: female ratio, 1:2.3) randomly selected from the case series, were included in the sequencing study. Primer pairs for coding regions of SNCA (exons 2-6), SNCB (exons 1-5), and SNCG (exons 1-5) were used and are available on request. Polymerase chain reaction products were purified from unincorporated nucleotides using Agencourt bead technology (Beverly, Massachusetts) with Biomek FX automation (Beckman Coulter, Fullerton, California). Sequence analysis was performed as previously described. 22 For the association study, we included samples from 172 cases with DLBD without SNCA multiplications (mean [SD] age, 77. Highly conserved regions (conservation score, >200) were identified across SNCA, SNCB, and SNCG (coding regions ±10 kilobase [kb]) using the phastConst software embedded in the UCSC Genome Browser (http://genome.ucsc.edu) based on the National Center for Biotechnology Information March 2006 assembly. 23 Thirty-one single-nucleotide polymorphisms (SNPs) within these conserved regions were selected in SNCA (15 SNPs), SNCB (7 SNPs), and SNCG (9 SNPs). Genotyping of SNPs was performed on a Sequenom MassArray iPLEX platform (San Diego, California); all primer sequences are available on request. For each variant, genotyping error was assessed by deviation from Hardy-Weinberg equilibrium expectation. Association between individual SNP genotypes and DLBD was determined using χ 2 or Fisher exact tests. Linkage disequilibrium between markers and the appropriate level of statistical correction for the multiple testing were assessed using SNPSpD. 24 Nishioka et al.
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RESULTS
Sequencing analysis of the coding regions of SNCA, SNCB, and SNCG in 89 DLBD cases did not identify any pathogenic mutations or the c.G208A (p.V70M) and c.C368A (p.P123H) substitutions previously described in SNCB. Two polymorphic coding substitutions, p.A65A (rs760113) in exon 3 and p.E110V (rs9864) in exon 4 of SNCG, were identified. Both rs760113 and rs9864 were genotyped in subsequent association analyses.
Of the 31 variants assessed in the synuclein gene family, only 1 SNP in the 5′ flanking region of SNCG (rs3750823) was significantly associated with DLBD after correction for multiple tests (P corrected =.009, .05, and .03 for pathological, clinical, and combined controls, respectively) (Table; allelic analyses are provided in the eTable; www.archneurol.com). Additional variants located in the 5′ region of the SNCG gene showed trends toward an association with DLBD when compared with pathological, clinical, or combined controls; of the 2 coding variants identified in SNCG, rs760113 was marginally associated with DLBD before correction for multiple testing, whereas rs9864 was not (Table) . Similar evidence of association was observed for several variants within SNCA; however, with the exception of rs10155475 when compared with pathologically normal controls (P corrected =.05), these associations did not stand correction for multiple testing (P=.002). Variants with SNCB showed the least evidence of association with DLBD. Two SNPs located upstream of the SNCB and 1 in intron 5 (rs4868670, rs1352303, and rs11739753) were also indicative of genetic association when compared with pathologically normal controls (Table) . However, in contrast to findings in SNCA and SNCG, evidence of SNCB association with DLBD was not confirmed in the larger clinical control group or the 2 control groups combined.
COMMENT
This is the first study to assess genetic variability in all synuclein paralogues, SNCA, SNCB, and SNCG, in pathologically proven DLBD samples. Nevertheless, the number of autopsyconfirmed control subjects was few (n=97) and underpowered to observe associations of more than modest effect in this pilot study. To help rectify this shortfall, we used a second series of clinical control subjects (n=350). Significant association between the SNCG locus (rs3750823) and DLBD was identified in the pathological series, and then replicated using a larger clinical control group. Genotype distributions for several other variants within the SNCG gene were also indicative of association including rs12416136, rs10887683, and rs1800373. SNCG was previously examined for association with PD in populations from Germany (25 patients; 55 controls) and the United Kingdom (262 patients; 179 controls) with inconclusive results, although rs3750823 was not included in the analysis. 25, 26 The significantly associated SNP in SNCG (rs3750823) is locatedapproximately1.2 Kb upstream from the gene in exon 1 of the MMRN2 gene and results in a nonsynonymous amino acid substitution; however, the pattern of linkage disequilibrium around rs3750823 spans the 5′end of SNCG (Figure 1 ).
Our sequencing study did not identify any coding mutation in SNCG, suggesting that the responsible mutation is located in intronic or regulatory regions that we postulate may affect gene expression. Recently, a study in mice showed that overexpression of mouse γ- 
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Author Manuscript synuclein leads to its aggregation, neuronal loss, motor deficits, and premature death. 16 The SNCG-MMRN2 region of chromosome 10 is homologous with the SNCA-MMRN1 region of chromosome 4, for which similar evidence of genetic association to PD is well established. MMRN homologues encode large, disulfide-linked proteins expressed by megakaryocytes and endothelial cells, with a role in hemostasis. 27 There is also evidence of an association between SNCA variability and DLBD (Table) . Linkage disequilibrium between most of the SNPs analyzed is moderately low (r 2 < 0.5) and suggests that multiple rather than few risk haplotypes are associated with disease ( Figure 1) . Nevertheless, the results obtained did not remain significant after correction for multiple testing. Sample size, given the number of tests, may be the issue. Despite this, the association appears to be reproducible in pathologically confirmed and clinically normal controls. The trends observed are reminiscent of past associations identified in PD, 7, [28] [29] [30] [31] later confirmed in larger sample series and through meta-analyses (http://www.pdgene.org/). Marginal associations were identified in SNCB when compared with pathologically normal controls. Since this association was not identified with the larger clinical control group, this may be a spurious association owing to the small sample size of the pathological controls. Only 2 studies have examined evidence of association of SNCB and PD with equivocal results, 32, 33 and coding mutations have not been found in patients with PD. 34, 35 The 2 SNCB coding substitutions previously described in patients with DLB (p.V70M and p.P123H) have not been proven to segregate with familial disease and were not identified in our sequencing study. Although their pathogenicity remains unproven, they are not a common cause of DLB/DLBD.
Comparison of the genomic structure of the 3 synuclein genes in human, mouse, chicken, and frog indicates that the SNCA and SNCG genes, which appear to be associated with DLBD, are evolutionarily more closely related than SNCB (Figure 2 ). This high level of conservation between SNCA and SNCG suggests a similar functional role for these 2 genes; therefore, the well-proven association [28] [29] [30] [31] and pathogenicity [37] [38] [39] of SNCA variants and mutations could potentially be mirrored in SNCG. Additionally, interactions between αsynuclein and β-synuclein support a role of the synuclein gene family in LBD. Transgenic αsynuclein A53T mice develop a parkinsonian movement disorder with α-synuclein inclusions and loss of dopaminergic terminals, whereas double transgenic progenies of these mice, also expressing β-synuclein, were shown to present a significantly milder disease phenotype. 40 Evaluation of a genetic interaction between the 3 synuclein genes did not yield significant associations; however, the marginal significance of the single SNP association and the relatively low number of DLBD samples indicate that our study is underpowered for this analysis.
Our pilot study suggests that genetic variability in the SNCA and SNCG loci influences risk of DLBD. The findings are interesting given the conservation of synuclein homologues, especially SNCA and SNCG, and the encoded proteins. Nevertheless, the results need to be validated in larger clinical series of DLB and further postmortem studies of DLBD. Whether LBD represents a continuum rather than discrete diseases, they clearly share some common etiology, pathological features, and now genetic features. How genetic variability contributes to the disease process such as the quantitative burden or regional distribution of Lewy pathology remains to be determined. However, given that aging increases the incidence of dementia in patients with PD, 41 the development of molecular therapeutics targeted to lower synuclein expression may be all the more worthwhile. Further studies addressing the role of the synuclein gene family in LBD are now warranted. Phylogenic and evolutionary analysis of the DNA sequences for SNCA, SNCB, and SNCG from Homo sapiens (Hom), Mus musculus (Mus), Gallus gallus (Gal), and Xenopus laevis (Xen) were performed using phylemon. 36 Nishioka et al. 
